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Abstract—8-Hydroxy-2-deoxyguanosine (0%dG) has been used as a marker of free radical damage to DNA and has been
shown to accumulate during aging. Oxidative stress affects some brain regions more than others as demonstrated by regional
differences in steady state ki levels in mouse brain. In our study, we have shown that regions such as the midbrain,
caudate putamen, and hippocampus show high levels &tiéxin total DNA, although regions such as the cerebellum,

cortex, and pons and medulla have lower levels. These regional differences in basal levels of DNA damage inversely correlate
with the regional capacity to remove ki from DNA. Additionally, the activities of antioxidant enzymes (Cu/Zn
superoxide dismutase, mitochondrial superoxide dismutase, and glutathione peroxidase) and the levels of the endogenous
antioxidant glutathione are not predictors of the degree of free radical induced damage to DNA in different brain regions.
Although each brain region has significant differences in antioxidant defenses, the capacity to excise the oxidized base from
DNA seems to be the major determinant of the steady state levels @@®»n each brain region.

Keywords—DNA damage, DNA repair, 8-Hydroxy*2leoxyguanosine, Brain regions, Oxyradicals, Antioxidants, Free
radicals

INTRODUCTION more variable, and attack by free radicals can produce

. . structural damage (i.e., strand breaks) and/or modifica-
Free radicals are formed in the central nervous system

(CNS) as part of normal metabolic processes [1]. High tion ~of the bases. 8Hydroxy-Zieoxyguanosine

o : (0x0’dG) is one of the most common adducts formed
OXygen u_ptake and low annox@am defenses increase thefrom the reaction of oxyradicals with DNA [7]. A rela-
vulnerability of the CNS to oxidative damage [2]. As- tion between oxidative DNA damage and aging has been
sessment of free radical-induced damage to biological

vstems has been carried out by measuring the accumu_postulated based on studies that show inverse associa-
Iaytion of damage to macromoIeCL)JlIes Proteigs lipids, and tions between steady state tissue levels ofd@and

ag S , IPIOS, the life spans of different animal species [8,9]. There are
DNA are major targets for free radical-induced damage.

Carbonvl content as an estimate of oxidative damaae to also age-dependent increases inb®levels in specific
ony : oxjgalive damage 1o ., organs and the human brain [10,11]. We have re-
proteins has been found to be high in specific brain

. . ; ; cently shown that 0X@G accumulates differentially
regions and to be elevated during aging and in some

: ) across brain regions in the aging mouse [12]. %i®
%g?osngglgzﬁr%ieggg?f\god'S:C:?](Z:]Sal[ﬁf]é tz\éils sc:af dIevels have been found to be high in regions involved in
: ! 1yae yaroxyn av hu neurodegenerative diseases, which is suggestive of an
to identify oxidative damage to lipids and its association

with aging and disease [5,6]. The damage to DNA is ?gﬁsl[elrgiel%]aglng PIOGESS in SpEcific populaions of net:

Unrepaired DNA lesions might impair transcription and

Address correspondence to Juan Sanchez-Ramos, M.D., Ph.D., De'protein synthesis [16]. This type of damage would be par-
partment of Neurology, MDC 55, 12901 Bruce B. Downs Boulevard, . . . . .
Tampa, FL 33620, USA; Tel: (813) 974-6022; Fax: (813) 974-7200: ticularly deleterious for terminally differentiated cells.
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guard against the damaging effects of free radicals and aoxo®dG. The tissue was pulverized in liquid nitrogen
DNA repair system that fixes damage done by unscavengedusing a mortar and pestle, homogenized in 10 mM of
free radicals. Endogenous antioxidants such as glutathioneethylenediaminetetraacetic acid (EDTA), and centri-
(GSH) and enzymes such as superoxide dismutase (SOD)fuged. The supernatant was stored {at0°C) for SOD
glutathione peroxidase (GPx), and catalase are the first lineand GPx assays. The pellet was treated with DNAase-
of defense and act by scavenging potentially damaging freefree RNAase followed by digestion with proteinase K.

radical moieties. DNA repair systems involve a number of

The protein fraction was separated from DNA by three

enzymatic processes ranging from base recognition andconsecutive organic extractions. The DNA was then pre-

excision to ligation of DNA strands. The DNA glycosylases

cipitated by adding two volumes of ethanol (with respect

recognize a particular damaged base and remove the base the aqueous volume) and then incubated overnight

by cutting the N-glycosylic bond of the DNA molecule. A

bacterial enzyme that recognizes modified purines (includ-

ing oxddG) is formamidopyrimidine DNA glycosylase
(Fpg) [17]. A similar activity has been described in mam-
mals, and the enzyme responsible for @® excision has

at —20°C. The purity of the DNA was determined by
the absorbance of an aliquot of the sample at 260 vs.
280 nm [24].

The purified DNA was prepared for high-performance
liquid chromatography analysis by resolving it into de-

been cloned and called 8-oxoguanine DNA glycosylase oxynucleoside components. The amount of %o® and

(Ogg1) [18,19].
Different regional activities in antioxidant systems and

2-deoxyguanosine (2-dG) was calculated by comparing the
peak area of 0XlG and 2-dG obtained from the enzymatic

variable metabolic rates can lead to a region-specific accu-hydrolysate of the DNA sample with a calibration curve for
mulation of oxidative damage, and such differences can both compounds. Levels of o%@G in the samples were

increase the vulnerability of specific brain regions to age-

expressed relative to the content of 2-dG (e.g., the molar

dependent oxidative stress. Several studies have been caratio of ox8dG to 2-dG [fmol of ox8dG/nmol of 2-dG]).
ried out to establish the age-dependent changes in activitiesBecause lug of DNA contains 0.648 nmol of 2-dG, 1

of antioxidant enzymes [20-22]. It is hypothesized that

decreased capacity in DNA repair and/or antioxidant de-

fmol/nmol of 2-dG is equivalent to 1.54 fmglg of DNA.

fenses increases brain region vulnerability to oxidative High-performance liquid chromatography systelhe
damage and is responsible for age-associated deficits inmobile phase was 100 mM of sodium acetate, pH 5.2,

cellular function, particularly in postmitotic cells such as
neurons.

with 5% methanol. OX&IG was detected by an electro-
chemical detector (ESA Coulochem Model 5100A,

The overall objectives of this study were to measure Chelmsford, MA, USA) using a glassy carbon-working

steady state levels of oS@G in specific brain regions as
indices of regional oxidative DNA damage and to identify
regional differences in 0XdG glycosylase activities and

electrode at an applied potential 6f0.4 V. 2-dG was
detected in the same sample by absorbance at 260 nm
using a Perkin Elmer (Norwalk, CT, USA) 785A Pro-

antioxidant defenses that could render specific brain regionsgrammable Absorbance Detector arranged in series with

more prone to oxidative DNA damage. This information
will be useful in understanding the regional vulnerabilities
of the brain during the normal process of aging, after
vascular accidents, or elicited with exogenous toxicants.

MATERIALS AND METHODS

Measurement of oRdG

Black male C57BL/N6 mice 3 months old were ob-
tained from The Jackson Laboratories (Bar Harbor, ME,
USA). Animals were killed by decapitation, and brains
were place in ice-cold saline. Brain regions were dis-
sected, and the samples were placee-@a0°C until the

the electrochemical detector. Data were recorded, stored,
and analyzed on a PC Pentium computer using ESA 500
Chromatography Data System software.

Measurement of SOD

SOD activity in brain regions was measured accord-
ing to a previously described procedure based on the
SOD-mediated inhibition of nitrite formation from hy-
droxylammonium in the presence of,@enerators [23,
26]. Aliquots of the first supernatant (from brain tissue
homogenates prepared as described previously) were
used for determination of SOD activity by incubating the
homogenate with xanthine and hydroxylamine chloride.

time of assay. Procedures for extraction, purification, and The reaction was initiated by the addition of xanthine

enzymatic hydrolysis of DNA and measurement of

oxidase. An aliquot of the incubation mixture was added

ox0°dG levels (detailed elsewhere [23]) were based on to a mixture of sulfanilic acid and-naphthylamine, and

published methods [24,25] with minor modifications.
Briefly, approximately 150 mg of brain tissue was used
for extraction of sufficient DNA to perform the assay for

the absorbance was read at 529 nm (Ultrospec Il spec-
trophotometer; Pharmacia LKB Biochrom, Cambridge,
England).
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To differentiate between mitochondrial SOD (MnSOD) EDTA, 1 mM of dithiothreitol, 0.5 mM of spermine, 0.5
and Cu/ZnSOD activity in the tissue homogenate, MNSOD mM of spermidine, 50% glycerol, and protease inhibi-
was determined by the addition of potassium cyanide (5 tors. Homogenates were rocked for 30 min after the
mM) to the incubation medium for 20 min at room tem- addition of a 1/10 vol/vol of 2.5 M of KCI and spun at
perature. The difference between the total and potassium14,000 rpm for 30 min. The supernatant was aliquoted
cyanide—inhibited enzyme activities was defined as Mn- and stored at-70°C until the time of assay. Protein

SOD activity. The activity of SOD in the samples was
determined from a calibration curve of the percentage of
inhibition of nitrite formation versus SOD activity, which
was constructed using known amounts of purified SOD
containing 3500 U/mg of protein. One unit of enzyme
activity was defined as the amount of SOD required to
reduce cytochrome by 50% in the coupled system with
xanthine and xanthine oxidase at pH 7.8 at 25@ B3 ml

levels were determined using the BCA method.
Twenty picomoles of synthetic probe containing %@
(Trevigen, Gaithersburg, MD, USA) was labeled witff P
at the 8 end using polynucleotide T4 kinase (Boehringer
Mannheim, Germany). For the nicking reaction, protein
extract (30ug) was mixed with 2Qul of a reaction mixture
containing 0.5 M of N-[2-hydroxyethyl]piperazine-{-
ethanesulfonic acid], 0.1 M of EDTA, 5 mM of dithiothre-

reaction volume. The amount of protein in the samples was itol, 400 mM of KCI, purified BSA, and labeled probe

determined using the bicinchoninic acid (BCA) protein kit.
Data are expressed as units of SOD activity per milligram
of protein.

Measurement of GPx Activity

GPx activity was measured according to the method
described by Wendel [27], with certain modifications.
Briefly, a reaction cocktail was prepared in a vial con-
taining 1 mg of B-nicotinamide adenine dinucleotide
phosphate tetrasodium salt, (Sigma, St. Louis, MO,
USA) containing the following: 9.2 ml of 1 mM of
sodium azide in 50 mM of sodium phosphate buffer with
0.4 mM of EDTA (pH 7.0), 10 units of glutathione
reductase in 0.1 ml of cold deionized water, and 2 mM of
reduced glutathione in 0.05 ml of cold deionized water.
The assay was performed using 3 ml of the reaction
cocktail with the addition of 50 to 100l of brain tissue
homogenate, mixed by inversion, and equilibrated to
25°C in a 1 cmlight path cuvette. The absorbance was
monitored at 340 nm until constant using an SLM
Aminco (Rochester, NY, USA) DW-2000 UV-Vis Spec-
trophotometer. Then, 0.0007% (wt/wt) hydrogen perox-
ide was added and immediately mixed by inversion, and

(approximately 2000 cpm). The reaction was carried out at
37°C fa 2 h and stopped by placing the solution in ice. An
aliquot of this reaction mixture was added to a loading
buffer containing 90% formamide, 10 mM of NaOH, and
blue-orange dye. After 5 min of heating at 95°C, samples
were chilled and loaded into a polyacrylamide gel (20%)
with 7 M of urea and X TBE and run at 400 mV for 2 h.
Gels were quantified using a Biorad (Hercules, CA, USA)
363 phosphoimager system and analysis software. Activity
to repair ox8dG was determined and expressed as a per-
centage of substrate cleaved.

GSH content

Total levels of GSH in each brain region analyzed
were measured by the method of Tietz [28]. Tissue was
homogenized in phosphate buffer (0.5 M, pH 7.2), and
aliquots were added to a reaction mixture containing
2-nitro-5-thiobenzoic acid as a chromogenic substance.
Absorbance was determined at 412 nm. The content of
GSH in the tissue was determined by comparing its
absorption with that of a curve made with known
amounts of GSH. Data were expressed as nanomoles per
milligram of protein.

the decrease in absorbance at 340 nm was recorded everpata analysis and statistics

15 seconds for 5 min. Specific activity was computed
based on the millimolar extinction coefficient of 6.22 for
B-nicotinamide adenine dinucleotide phosphate at 340
nm. One unit of GPx catalyzes the oxidation byQ of

1 uM of reduced glutathione to oxidized glutathione per
minute at pH 7.0 at 25°C.

Oxd’dG Repair Activity

Mouse brain regions were dissected on ice and placed

under liquid nitrogen, and DNA glycosylases were ex-
tracted from tissue following homogenization with
buffer containing 20 mM of Tris (pH 8.0), 1 mM of

One-way ANOVA was used to compare regions, fol-
lowed by a student Newman Keuls test to compare
differences in oxyradical adduct levels (as well as SOD,
GPx, and repair activities). Linear regression analyses
were carried out for the correlation studies. Statistical
tests were performed with Graphpad statistical software
(Sorrento, CA, USA). A probability value less than .05
was considered to be significant.

RESULTS

Before presenting a summary of results, which are
based on well-known methods for measuring antioxidant
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cB CP CX HP MB PM Neg Fpg

Uncut Probe

Cut Probe

Fig. 1. Gel for the ox8dG repair analysis in six brain regions (cerebellum [CB], caudate putamen [CP], cortex [CX], hippocampus
[HP], midbrain [MB], and pons and medulla [PM]), followed by a negative control and a positive control (5 units of pure
formamidopyrimidine glycosylase DNA glycosylase). Nuclear extracts from the brain regions were incubated with labeled probe
containing ox8dG as described in Materials and Methods. Protein extracts from four mice were run in duplicate under similar
conditions.

enzyme activities and oXdG levels, the results on+e ity tend to correspond to low levels of G, such anal
gional differences in DNA repair are detailed, because ysis did not reach statistical significance. There was no
the method has not been applied previously to measure-correlation between activities of the other antioxidant en-
ments in brain regions. zymes, or of GSH, and levels of diG.

Measurement of oxidized DNA repair in specific brain
regions was based on the capacity of nuclear extracts to
cleave an ox&G-containing oligonucleotide. The repair
activity of a specific brain region was determined by the  This article summarizes the region-specific differ-
analysis of gels as shown in Fig. 1. The repair activity was ences in oxidative DNA damage and antioxidant capac-
expressed as the ratio of the cut band (bottom) to the sum ofities determined by levels of endogenous antioxidant
the cut and uncut bands (top). (GSH), the activities of antioxidant enzymes (Cu/Zn-

To determine the best concentration of protein required SOD, MnSOD, GPx), and the activity of the glycosylase
to analyze DNA repair, increasing concentrations of protein responsible for oX&G removal. Our results demonstrate
from nuclear extracts were run with the labeled oligonucle- that low steady state 0fdG repair activities in the adult
otide as described in Materials and Methods. Figure 2 mouse brain are inversely correlated with high steady
shows a typical saturation protein curve. Near-maximal state levels of oxidative DNA damage. In the 3 month

repair activity was achieved with the addition of pg of old mouse, the highest level of 3G repair activity
protein. Thirty micrograms of protein was used to maintain

the repair activity in the linear portion of the curve.
The main objective of this study was to compare the

DISCUSSION

50
specific antioxidant capacities in different regions of the T
brain to the degree of oxidative DNA damage and DNA § 40+
repair activity. Table 1 summarizes levels of enzyme activ- o
ities, endogenous antioxidants, and steady statBd@xm 8 30
each region studied. Two-way ANOVA analysis indicated §
that there were statistically significant differences in the § 207
values for the regions in all the parameters analyzed (Cu/ ® 104
ZnSOD, MnSOD, ox8lG, GPx, GSH, and repair activity e
of oxd’dG). o4 ' . '
Figure 3 is a composite of the analysis of the relations 0 25 50 75 100 125
between antioxidant capacities and the levels of oxidative Protein (ug)

damage to DNA. Linear regression analysis indicated that

there was a significant inverse correlation between the ley-Fig: 2. Analysis of ox8dG glycosylase activity with increasing
amounts of protein from nuclear extracts. Each point represents the

els qf o)@’dG and the correspc_)nding regional capacity. to average of four different extracts run in duplicate. Data are expressed
repair this damage. Although high levels of MNSOD activ- as the mean- SEM.



Table 1. Regional Levels of Oxidative Damage to DNA and Antioxidant Systems
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Oxd’dG MnSOD CuznSOD GPX U/mg of  GSH nmolejg of Oxd®dG repair
(fmol.nmol 2-dg) U/mg of protein U/mg of protein  protein per min protein (% substrate cleaved)
Region (n = 7-8) (n=6) (n=6) (n = 6) (n=15) (n=4)
Cerebellum 9.0 0.81 0.17+ 0.01 6.11+ 0.37 11.49+ 1.08 36.98+ 1.96 20.33* 4.00
Caudate putamen 6.61 0.97 0.37x= 0.07 26.82+ 3.52 19.46+ 1.58 36.62+ 2.38 36.01*= 1.73
Cortex 10.68+ 0.98 1.84+ 0.19 21.20+ 0.89 14.87+ 0.58 37.21t 2.67 17.76x 1.64
Hippocampus 7.5% 0.96 2.78+ 0.79 46.75+ 7.57 9.61+ 0.18 33.78+ 1.04 34.40= 5.80
Midbrain 5.42+1.21 2.88+ 0.15 58.70* 1.68 18.60+ 1.94 31.41+ 1.43 33.26+ 2.26
Pons and medulla 1174211 0.51+ 0.02 50.79+ 1.71 17.09+ 1.01 34.15+ 1.01 20.68* 1.67
Data expressed as meanSEM.
4
> 751 .
2% ' 5%
C s PM 8 7 o
< o 50 HP -]
oE af ]
HE 25 : £S5 2
32 7 r*=0.0871 K3 =2 r?=0.1870
cp .
0 e 0 ° cB PM.
00 25 50 75 100 125 0.0 25 5.0 75 100 125
0oxa’dg. 0Oxo®dg
A . (fmol.nmol 2-dg) B (fmol.nmol 2-dg)
a
3 -
s 7 0 P @
SE 3 s
E s 204 we CP [ 8 304 we HP PM
= . PM. 9 o
4 cx ° =3
c o B T & 20-
£2 w 82
s 2 104 2_n.aan L,
=35 r=0.0422 % 104 r?=0.1929
o
o T T T T 1 0 T T T T T ]
0.0 25 5.0 7.5 10.0 125 00 25 50 75 100 125 150
oxo®dg Oxo®dg
C (fmol.nmol 2-dg) D (fmol.nmol 2-dg)

° 401

g P e

z N .

5 ME

o 30+ \

o

®

£ 201 BN

2 ox

= 2_n 7520

N 104 r°=0.7589

ES
) . . . : ‘
0.0 25 5.0 75 100 125

Oxo®dg
E {fmol:nmot 2-dg)

Fig. 3. Linear correlation analysis between regional®dx® levels and antioxidant systems. (A) Cu/ZnSOD. (B) MnSOD. (C) GPx.
(D) GSH. (E) Ox8dG repair activity.
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was found in the caudate putamen, a region that showedof a low level of Oggl message in the brain. Alternatively,
the highest levels of oxidative DNA damage during it is possible that the o¥dG glycosylase activity we are
aging or was associated with Parkinson’s disease in otherdetecting in brain extracts is distinct from Oggl.
studies [11-13]. Because significant accumulation of  There was a trend, which did not reach statistical signif-
DNA damage occurs in this region with age, itis inferred icance, towards an inverse relation between the regional
that DNA repair must decline with aging or in specific ~ activities of MNSOD and the levels of d@G. It has been
neurodegenerative diseases. shown that mitochondrial 0%dG levels are 15- to 16-fold

Accumulation of free radical damage as the cause of higher than nuclear levels and that its levels accumulate
aging is supported by studies that show increased oxida-with aging [11]. The data presented in this article represent
tively induced protein damage in pathological conditions of the combination of nuclear and mitochondrial 8@, and
accelerated aging in people and mice [29,30]. Other studiesthis could allow for underestimation of the important role
have demonstrated accumulation of free radical-induced played by MnSOD in protecting mitochondrial DNA. Al-
damage in several organs during normal aging [31,32] or an though it was previously believed that mitochondria did not
increased susceptibility to free radical-induced damage aspossess o0X0lG repair capacity [39], the presence of an
age increases [6,33]. A relation between DNA damage enzyme capable of cleaving &t has been demonstrated
caused by free radicals and aging has been postulated baseid liver and heart mitochondria [40,41]. Such activity is
on studies that show an increase in the levels ofd®adn quite low compared with its nuclear counterpart, however.
most organs of aged rats and houseflies as well as in human A caveat to be noted is the complexity of the DNA base
brain tissue [9—11]. Additionally, an inverse relation exists excision repair system. Our data are based on measure-
between high urinary output of o5@G and the life spans of  ments of enzymatic activities of the base excision repair
various species of animals [8]. We have recently shown that enzyme(s) responsible for the cleavage offdka Clearly,
oxd®dG accumulates differentially across brain regions in there are many other steps involved in base excision repair
the aging mouse [12]. That study showed an age-dependenbf damaged DNA in postmitotic tissues. The enzymatic
increase in the oX0lG levels in the cerebellum, caudate components include the DNA N-glycosylases that recog-
putamen, and pons and medulla. The latter two regions nize damaged purines and pyrimidines, theapurinic
have a high basal base excision repair capacity as shown byendonucleases that process strand breaks, sites of base loss,
our present data, although the cerebellum exhibits one ofand the products of DNA glycosylase/apurinic lyase action
the lowest repair activities at 3 months of age. Although as well as DNA polymerases and DNA ligases [42].
these basal repair activities help to explain the accumulation  Although our data show that glycosylase activities vary
of damage in individual regions, little is known of the significantly in different brain regions and are inversely
changes that occur in DNA repair capacity with age in related to steady state levels of 886, there may be other
specific brain regions. components of DNA repair that are deficient in aging or

Evidence for the association between DNA oxidative specific neurodegenerative diseases.
damage and neurological deficits has been reported. There In summary, we have found specific and significantly
are higher steady state levels of 86 in the substantia  higher ox8dG repair activity in the brain regions that have
nigra, basal ganglia, and cortex of patients with Parkinson’s been shown to be affected during aging and associated with
disease compared with controls [13]. The demise of dopa- various neurodegenerative diseases in other studies. These
minergic neurons as a result of free radical damage has beerfindings support the hypothesis that differential regional
postulated as a normal age-dependent phenomenon [31,34)ulnerabilities to oxidative stress in normal aging or elicited
Recently, it was shown that during normal aging, ti® by exogenous neurotoxicants are the result, in part, of
accumulated in regions involved in locomotion control and intrinsic variations in the regulation of DNA repair
that these increased levels of 8dG were associated with  mechanisms.
locomotion deficit [12]. Studies of hypersensitivity of cell
lines to radiographs and ionizing radiation have provided Acknowledgements- This study was supported by a Veterans Affairs
evidence linking DNA repair deficiency to neurological Merit Review Grant and the Helen E. Ellis Research Fund at the
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